Abstract: An approach to modelling hemodynamic alterations induced by flowdiverter placement in cerebral artery is proposed. Approach is based on the concept of multiscale model of hemodynamics, which utilized three types of models which are coupled together with corresponding boundary conditions. A patient-specific cerebral aneurysm was used for simulation studies. It was modelled two cases: pre-operational and post-operational with flow-diverter stent. The results showed that flow-diverter stent significantly alters intra-aneurysmal flow pattern. The major part of flow was diverted toward the normal direction along the parent artery. A stagnant flow in aneurysm sac was observed. Proposed approach could be used for planning of a treatment and for evaluation of risks in the post-treatment period for patients with cerebral aneurysm.
A geometrical model of the selected flow-diverter was constructed using corresponding CAD software. The constructed model of a stent is presented in Fig. 1 . The virtual implantation procedure was conducted using 3D modeling software.
For the investigation of flow alterations in the aneurysm dome after the stent placement, a multiscale mathematical model of hemodynamics [3, 4] , which is a set of mathematical models of circulation with different levels of detail, was used. The scheme of multiscale model is shown in Fig. 2 . A multiscale model includes 0D model, 1D model and 3D model coupled together using corresponding boundary conditions. The 0D model is a model in lumped parameters, which describes the blood flow in cardiovascular system in general, without detailed data in a specific region of circulation. This model includes four heart chambers, four valves, and systemic and pulmonary circulation.
A blood volume in chamber can be described as:
where i V is blood volume in i-th chamber; ij q is blood flow from i-th chamber to j-th; ij w is link coefficient; N is the number of chambers.
The blood flow between chambers can be defined as follows: 
where i C is elasticity of chamber; i U is unstrained volume of chamber. For left and right ventricle, pressure i P and blood volume i V are defined by function ϕ [5, 6] :
where i ω is volume of pseudo-cavity; i A is parameters of ventricle. Parameters i A of ventricle include:
Special function ω i describes contraction and relaxation of cardiac muscle for each of period of cardiac cycle:
Resistance of valves can be found using the following relationship:
The 1D model described the blood flow in systemic circulation, using a onedimensional assumption. According to this assumption, all flow parameters are changing only along the length of vessel. The advantage of the model is that it describes the pulse wave propagation phenomena. The drawback is that precision of such model is not enough to describe the hemodynamics parameters in aneurysm in detail.
is inlet blood flow; j k q is outlet blood flow.
Blood flow j k q is proportional to pressure drop:
.
Resistance k j R can be obtained from Poiseuille law:
Pressure in segment of artery is related to blood volume in this segment:
The most precise model is a 3D model of hemodynamics, which allows computing a three-dimensional distribution of most valuable flow parameters like velocity, pressure, wall shear stress, viscosity and so on.
Parameters F of cerebral artery with flow-diverter stent include:
Blood flow in the domain 3D ( , , , ) D x y z t can be obtained using Navier-Stokes equations:
These three models were coupled together using inlet and outlet boundary conditions for each model. The velocity magnitude was used as an inlet condition, whereas pressure value was used as an outlet condition. Such model allows investigating the influence of disorders of systemic circulation on blood flow in aneurysm sac. For the simulation purposes the parameters of "normal" patient were used to setup a model of global hemodynamics. Patient-specific values were used to setup model of arterial tree and model of local hemodynamics.
Non-Newtonian behavior of blood could significantly influence the simulation results in regions of slow recirculating flow. Such regions are observed in aneurysm dome before and after placement of flow-diverter stent. In such case, it is important to use a model of non-Newtonian fluid. The most commonly used models are Casson, Power-Law, Bird-Carreau. In this study a Power-Law model was used due to the high precision and computational effectiveness.
Results. The software was developed to solve equations of multiscale model of hemodynamics. Modeling of flow through pores of flow-diverter requires a high-density computational mesh. This leads to a problem of high computational time to solve equations (12) -(13). To overcome this issue it was used a High-Performance Computing technique (Message Passing Interface). This technique allows spreading a computational task among the computational nodes, each of which makes a computation in parallel. Lomonosov supercomputer was used for this purpose, which is in the Top50 List of Supercomputers [7] .
Two cases were modeled: preoperational (without flow-diverter) and post-treatment (with a flow-diverter inside a cerebral artery). Equations (1) - (13) were solved during five cardiac cycles. The last cycle was used for quantitative analysis. The moment of systolic peak was used for analysis, because in this moment the hemodynamic parameters reach their maximum values.
To compare the pre-and posttreatment results the streamlines were constructed. These streamlines are presented in Fig. 3 and 4 . As can be seen from the Fig. 3 , in the pre-operational case, the zones of high velocity magnitude locate near the right side of an aneurysm and near the apex. A velocity magnitude reaches 0.42 and 0.27 m/s in these regions respectively. A zone of recirculating stagnant flow was found in the center of aneurysm, which leads to the rise of local viscosity in this area.
After placement of flow-diverter the flow pattern in aneurysm region significantly changes. The normal flow conditions were recovered, so the main part of the flow moves directly to the outlet segment of the parent vessel. The least part of flow goes through the pores of flow-diverter with a low velocity. This potentially will lead to formation of thrombus in aneurysm sac and occlusion. The average velocity in aneurysm dome is 0.001 m/s, which is 60 % less than in a pre-treatment case.
Conclusion. In the present study, the effect of flow-diverter placement on hemodynamic changes in cerebral aneurysm was evaluated. Placement of flow-diverter led to a significant decrease in the velocity magnitude in aneurysm sac and minimized the force acting on the aneurysm wall. Major part of blood flowed in the normal direction, preventing the aneurysm from growth in the future. Аннотация: Предложен подход к моделированию гемодинамических изменений, вызванных установкой потоконаправляющего стента в церебральную артерию. Подход основан на использовании многомасштабной модели гемодина-мики, которая включает три типа математических моделей гемодинамики, сопряженных соответствующими граничными условиями. Для численных иссле-дований использовалась индивидуальная модель церебральной аневризмы паци-ента. Смоделированы два случая: до и после установки потоконаправляющего стента. Результаты показали, что установка потоконаправляющего стента вызвала существенные изменения в характере течения крови в области аневризмы. В результате использования стента восстановлен естественный ток крови в церебральной артерии. В мешочке аневризмы обнаружена область с низким значением скорости крови. Предложенный подход может быть использован при планировании лечебных воздействий и оценке риска послеоперационных осложнений у больных с церебральной аневризмой. 
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